Cosmic microwave background (CMB) anisotropy (spatial inhomogeneity) data provide the tightest constraints on the Hubble constant, matter density, spatial curvature, and dark energy dynamics. Other data, sensitive to the evolution of only the spatially homogeneous part of the cosmological model, such as Type Ia supernova apparent magnitude, baryon acoustic oscillation distance, and Hubble parameter measurements, can be used in conjunction with the CMB data to more tightly constrain parameters. Recent joint analyses of CMB and such non-CMB data indicate that slightly closed spatial hypersurfaces are favored in nonflat untilted inflation models and that dark energy dynamics cannot be ruled out, and favor a smaller Hubble constant. We show that the constraints that follow from these non-CMB data alone are consistent with those that follow from the CMB data alone and so also consistent with, but weaker than, those that follow from the joint analyses of the CMB and non-CMB data. Subject headings: cosmological parameters -large-scale structure of universe -observations -methods:statistical
INTRODUCTION
Establishing an accurate cosmological model that is consistent with observations is one of the primary goals of cosmology. Currently the spatially flat ΛCDM world model is considered to be the standard cosmological model (Peebles 1984) . In this model the current energy budget is dominated by the cosmological constant Λ with nonrelativistic cold dark matter (CDM) being the second biggest contributor. The former is responsible for the accelerated cosmological expansion at the present epoch, and the latter for initiating large-scale cosmological structure formation, and, along with nonrelativistic baryonic matter, for the earlier decelerated cosmological expansion.
The spatially flat ΛCDM model is consistent with the cosmic microwave background (CMB) anisotropy (Planck Collaboration 2016 , 2018 , Type Ia supernova apparent brightness , baryonic acoustic oscillation distance (Alam et al. 2017) , and Hubble parameter (Farooq et al. 2017 ) 3 measurements. While CMB anisotropy data most tightly constrain cosmological models, at present no single kind of cosmological data is that restrictive, and it is the combination of CMB and non-CMB data that results in powerful constraints (and breaks some of the degeneracy between correlated parameters).
Though the standard ΛCDM model assumes flat spatial hypersurfaces and a constant dark energy density, current observations do not require either. To include nonzero spatial curvature in the analysis of CMB (and other spatial inhomogeneity) data requires the use of a nonflat inflation model to generate a physically consistent power spectrum of spatial in-homogeneities (as touched upon below and elsewhere; this has previously been ignored, resulting in invalid constraints on spatial curvature based on physically inconsistent power spectra). As an alternative to the constant dark energy density of ΛCDM model, the XCDM model is based on a simple and widely used dynamical dark energy parameterization. In this model, the ratio of dark energy pressure and density -the equation of state parameter (w = p X /ρ X ) -is constant. However, XCDM is not able to consistently describe the evolution of density inhomogeneities and so is not physically consistent. The φCDM model is a physically consistent dynamical dark energy model based on the evolution of a scalar field . 4 Recently, Ooba et al. (2018a Ooba et al. ( , 2017 Ooba et al. ( , 2018b and Park & Ratra (2018a,b,c) reported that compilations of Planck 2015 CMB anisotropy data (Planck Collaboration 2016) and non-CMB data favor slightly closed spatial hypersurfaces in the nonflat ΛCDM, XCDM, and φCDM dark energy untilted inflation models, and noted that a dynamical dark energy density that varies both temporally and spatially cannot be ruled out. 5 Most studies concentrate on using the most recent compilation of CMB and non-CMB data to estimate the cosmological parameters as precisely as possible. Here we want to examine the constraints on cosmological parameters that follow from the non-CMB observations alone, to avoid having to assume an energy density inhomogeneity power spectrum, and to examine whether the non-CMB data constraints are consistent with the CMB ones. In this paper, we constrain the flat and nonflat ΛCDM, XCDM, and φCDM dark energy models using an up-to-date collection of non-CMB data sets to constrain the spatially homogeneous cosmological models. We use Type Ia supernova apparent magnitude, baryon acoustic oscillation distance, and Hubble parameter data to measure the matter density, Hubble constant, spatial curvature, and parameters characterizing dark energy dynamics. We find that the conclusions obtained by jointly using CMB and non-CMB data sets, that favor slightly closed spatial hypersurfaces and a slightly smaller Hubble constant, and allow for mild dark energy dynamics, also hold for the non-CMB data, but with lower statistical significance. 6 In Sec. 2 the non-CMB data sets used in our analysis are briefly summarized. In Sec. 3 we summarize our analysis methods that use the flat and nonflat ΛCDM, XCDM, and φCDM models. The observational constraints on the parameters of the six cosmological models are presented in Sec. 4. We summarize our results in Sec. 5.
DATA
We use Type Ia supernova apparent magnitude (SN), baryon acoustic oscillation distance (BAO), and Hubble parameter [H(z)] measurements to constrain the flat and nonflat ΛCDM, XCDM, and φCDM models.
We use the most recent SN data compilation, the Pantheon collection of 1048 Type Ia supernova apparent magnitude measurements over a redshift range of 0.01 < z < 2.3 . This data set is a combination of Type Ia supernovae discovered by the Pan-STARRS1 Medium Deep Survey, the Sloan Digital Sky Survey, and the Supernova Legacy Survey, together with low-z and Hubble Space Telescope SN samples. In the Pantheon sample the parameters related to stretch and color correction of supernova light curves (α SN , β SN ) are set to zero. In our analyses here we account for the statistical and systematic uncertainties in the Pantheon measurements.
We use a compilation of BAO data from Alam et al. (2017) , Beutler et al. (2011 ), Ross et al. (2015 , Ata et al. (2018) , Bautista et al. (2017), and Font-Ribera et al. (2014) , which is summarized in Table 1 (Alam et al. 2017 ). Since we exclude these f σ 8 points, the DR12 covariance matrix between 6 We emphasize that these results refer to the cosmological parameter constraints, not to the goodness-of-fit of the best-fit set of cosmological parameters to the measurements. We find that the non-CMB data compilation we use here does not significantly distinguish between any of the best-fit models on the basis of goodness-of-fit. When the CMB data are included in the mix we are unable to quantitatively determine the goodness-of-fit of the best-fit set of cosmological parameters to the measurements. This is in part due to the ambiguity in the number of degrees of freedom of the Planck CMB data (see discussion in Ooba et al. 2018a Ooba et al. , 2017 Ooba et al. , 2018b Park & Ratra 2018a,b,c) . We also emphasize that qualitatively the slightly closed models better fit the lower multipole number CMB temperature anisotropy data and the weak lensing constraints on density inhomogeneities (DES Collaboration 2018) while the flat models better fit the higher multipole number CMB temperature anisotropy data and the observed deuterium abundances (Penton et al. 2018) . 
References (1) As in Park & Ratra (2018b,c) we also use the updated BAO data point of Ata et al. (2018) . In actual parameter estimation we use the probability distributions of the BAO data points of Ross et al. (2015) and Font-Ribera et al. (2014) , instead of the approximate Gaussian constraints shown in Table 1 . See Sec. 2.3 of Park & Ratra (2018a) for more details about our procedure.
For H(z) data, we use the collection of 31 Hubble parameter measurements over a large redshift range (0.070 ≤ z ≤ 1.965) listed in Table 2 of Park & Ratra (2018a) .
METHODS
We measure the parameters of the flat and nonflat ΛCDM, XCDM, and φCDM models by comparing model predictions with the observed SN apparent magnitudes, BAO distances, and Hubble parameters over a large range of redshift.
The evolution of the spatially homogeneous background in the ΛCDM and XCDM models is usually described by the evolution of the Hubble parameter. For the nonrelativistic matter and dark energy dominated epochs, the Hubble parameter H(a) as a function of the scale factor a (normalized to be unity now) is
for the ΛCDM model, and
for the XCDM parameterization. Here H 0 is the Hubble constant, the nonrelativistic matter density parameter present value is the sum of present baryonic matter and CDM density parameters, Ω m = Ω b + Ω c , Ω k is the present value of the spatial curvature density parameter, and Ω Λ and Ω X are the present values of the dark energy density parameters in the ΛCDM and XCDM models, respectively. In the limit w = −1 the XCDM dark energy becomes the cosmological constant Λ.
In the φCDM model we consider a minimally coupled dark energy scalar field φ with an inverse power-law potential energy density
where α is a positive constant parameter and V 1 is determined in terms of α ). In the limit α = 0 the scalar field dark energy becomes the cosmological constant Λ.
For the background evolution of the φCDM model in the nonrelativistic matter and scalar field dominated epochs we use
where the evolution of the dark energy scalar field is governed by the equation of motion
Here
, and an overdot denotes the time derivative d/dt. We have chosen units such that the Newtonian gravitational constant G ≡ 1/8π. We use the initial conditions of at scale factor a i = 10 −10 . This places the homogeneous background scalar field on the attractor/tracker solution Pavlov et al. 2013) . For a given set of cosmological parameters and initial conditions for the scalar field, we numerically determine the value ofV 1 to satisfy the condition H/H 0 = 1 at the present epoch (when a = 1). The current value of the dark energy density parameter is Ω φ = (φ 0 ) 2 /6 +V (φ 0 )/3, where φ 0 and φ 0 are the current values of φ and φ .
The version of Eqs.
(2)-(6) we use in the actual computations also take into account the contribution of photons and massless and massive neutrinos. We assume that the present CMB temperature T 0 = 2.7255 K, that the effective number of neutrino species N eff = 3.046, and one massive neutrino species (with mass m ν = 0.06 eV).
To obtain the likelihood distributions of the cosmological parameters, we use the Markov chain Monte Carlo (MCMC) method that randomly explores the parameter space based on the probability function P(m|d) ∝ exp(−χ 2 /2), where m and d denote model and data, respectively, and χ 2 = χ 2 SN + χ 2 BAO + χ 2 H(z) is the sum of individual contributions from the SN, BAO, and H(z) data. When comparing the Pantheon SN apparent magnitude data with model predictions we use the χ 2 SN defined in Appendix C (Eq. C1) of Conley et al. (2011) . The SN covariance matrix C SN is the sum of the diagonal statistical uncertainty covariance matrix, D stat = diag(σ 2 SN,i ), and the systematic uncertainty covariance matrix, C sys : C SN = D stat + C sys . For the BAO data, χ 2 BAO is the sum of contributions from each BAO measurement. For example for the BOSS DR12 BAO data we have χ 2 DR12 = X T C −1 DR12 X where X is a vector whose elements are the differences between model predictions and data points (the first six entries in Table 1 ). For Hubble parameter data, χ 2
We constrain the flat ΛCDM model with three cosmological parameters (Ω b h 2 , Ω c h 2 , H 0 ) and the nonflat ΛCDM model with four parameters (Ω b h 2 , Ω c h 2 , H 0 , Ω k ), where h = H 0 /(100 km s −1 Mpc −1 ). We add one more free parameter, the equation of state parameter w for the XCDM parameterization, and the scalar field potential parameter α for the φCDM model. 7 We modified the publicly available CAMB/COSMOMC package (version of November 2016, Challinor & Lasenby 1999; Lewis et al. 2000; Lewis & Bridle 2002) to constrain the flat and nonflat ΛCDM, XCDM, and φCDM models, at the spatially homogeneous background level, by using the SN+H(z), SN+BAO, BAO+H(z), and SN+BAO+H(z) data combinations. For the SN+H(z) data combination, the model predictions are not sensitive to baryonic density parameter variations. In this case Ω b h 2 is not constrained but instead taken to be Ω b h 2 = 0.022277, the best-fit value of the flat ΛCDM model constrained using Planck 2015 TT + lowP + lensing CMB data (Planck Collaboration 2016). In our analyses here we assume flat priors nonzero over 0. Figures 1-3 show the likelihood distributions of model parameters of flat and nonflat ΛCDM, XCDM, and φCDM models, respectively. The mean and 68.3% confidence limits (or 95.4% upper limits) are summarized in Table 2 .
OBSERVATIONAL CONSTRAINTS
The SN+BAO data do not tightly constrain Ω b h 2 , Ω c h 2 , and especially not H 0 , in the flat and nonflat ΛCDM, XCDM, and φCDM models. However, the SN+BAO data provide the most restrictive constraints on the dynamical dark energy parameters w and α in the XCDM and φCDM models.
The results obtained using BAO+H(z) data are interesting. The Hubble constant measured using the flat and nonflat XCDM and φCDM models are lower than the recent local measurement of H 0 = 73.48 ± 1.66 km s −1 Mpc −1 ) by between 2.6σ and 3.1σ (of the quadrature sum of the two error bars), while in the flat (nonflat) ΛCDM model it is lower by 1.9σ (1.3σ). In the nonflat XCDM parameterization, the BAO+H(z) data strongly favor dark energy dynamics with w deviating from −1 towards 0 by 4.0σ. For the XCDM parameterization and the full SN+BAO+H(z) data set, the equation of state parameter w in the flat model is measured to be consistent with that of the cosmological constant (w = −1) while it deviates from w = −1 by 2.0σ in the nonflat case, which is still significant though smaller than the 4.0σ of the BAO+H(z) case. In the nonflat φCDM model, the BAO+H(z) data constraint also favors dark energy dynamics with α = 3.1 ± 1.5 (a 2.1σ deviation from α = 0), but for the SN+BAO+H(z) data combination α is consistent with zero and a cosmological constant. We note that in the nonflat φCDM model the CMB data alone (without lensing data) cannot tightly constrain α, allowing large α ≈ 10 (Park & Ratra 2018c), while even the least effective combination for this 7 Although we use the parameter θ MC , the approximate angular size of the sound horizon at recombination (Planck Collaboration 2014), instead of H 0 in our ΛCDM and XCDM model analyses, we instead record the derived H 0 as one of the main cosmological parameters for these models. For the φCDM model, however, H 0 (not θ MC ) is the active parameter in the MCMC analysis. here, BAO+H(z), is able to bound α < 8, see the bottom subpanel row in the right panel of Fig. 3 . For the full SN+BAO+H(z) data combination, closed spatial hypersurfaces are favored at 1.1σ, 2.1σ, and 1.4σ significance in the nonflat ΛCDM, XCDM, and φCDM models. The Planck 2015 CMB anisotropy measurements (Planck Collaboration 2016) also favor closed spatial hypersurfaces (Ooba et al. 2018a (Ooba et al. , 2017 (Ooba et al. , 2018b , at 1.8σ, 1.1σ, and 1.8σ in the ΛCDM, XCDM, and φCDM untilted nonflat inflation cases, and when combined with the SN+BAO+H(z) data, as well as with growth factor ( f σ 8 ) observations, they favor closed hypersurfaces at 5.2σ, 3.4σ, and 3.1σ significance, respectively (Park & Ratra 2018a,b,c) . It is interesting, and possibly significant, that in Table 2 all three pairs of data combinations, SN+H(z), SN+BAO, and BAO+H(z), also favor closed geometries in the nonflat models, at between 1.0σ and 2.9σ. 8 Using the SN+BAO+H(z) combination, H 0 is measured to be 69.0 ± 1.7 (69.8 ± 1.8), 68.9 ± 1.7 (70.1 ± 1.9), and 68.5 ± 1.8 (69.6 ± 1.9) km s −1 Mpc −1 for the flat (nonflat) ΛCDM, XCDM, and φCDM models, respectively, These are all very mutually consistent and are also consistent with the most recent median statistics estimate of H 0 = 68 ± 2.8 km s −1 Mpc −1 (Chen & Ratra 2011a) , which is very consistent with earlier estimates based on median statistics (Gott et al. 2001; Chen et al. 2003) . 9 However, these values are a lit-tle lower than the recent local expansion rate measurement of H 0 = 73.48 ± 1.66 km s −1 Mpc −1 ) 10 by between 1.9σ and 2.0σ for the flat models and between 1.3σ and 1.5σ for the nonflat models (of the quadrature sum of the two error bars, in both cases), less discrepant than when the CMB anisotropy data is included in the mix (Park & Ratra 2018a,b,c) .
It is also interesting to see the estimated values of the current matter density parameter (for the full non-CMB data), Ω m = 0.302 ± 0.014 (0.321 ± 0.022), 0.297 ± 0.019 (0.325 ± 0.023), and 0.287±0.018 (0.305±0.025) for the flat (nonflat) ΛCDM, XCDM, and φCDM models, respectively. The flat models and both the φCDM cases are more consistent with the Dark Energy Survey (DES) constraint, Ω m = 0.264 +0.032 −0.019 (DES Collaboration 2018) while the nonflat ΛCDM and XCDM model results are 1.5σ (of the quadrature sum of the two error bars) larger than the DES measurement. Table 3 summarizes the individual and total χ 2 for the bestfit flat and nonflat ΛCDM, XCDM, and φCDM models. The best-fit set of parameters for each model has been determined by using Powell's minimization method (built into the COS-MOMC program) for finding the location of the maximum likelihood. The ∆χ 2 of the XCDM and φCDM models denotes the excess χ 2 relative to the ΛCDM one for the same combination of data sets and spatial curvature sign. The last two columns list the number of degrees of freedom ν and the reduced chi-square χ 2 /ν. The number of degrees of freedom is ν = N − n − 1, where N is the number of data points and n is the number of parameters. For example, for the nonflat φCDM model constrained using SN+BAO+H(z) data, 10 Other local expansion rate measurements find slightly lower H 0 values and slightly larger error bars (Rigault et al. 2015; Zhang et al. 2017; Dhawan et al. 2017; Fernández Arenas et al. 2018) ; also see Roman et al. (2017) , Kim et al. (2018) , and Jones et al. (2018) . N = 1049 + 12 + 31 = 1092 and n = 5 + 5 = 10, considering the five cosmological parameters (Ω b h 2 , Ω c h 2 , H 0 , α, Ω k ) and the five nuisance parameters of the SN sample. Except for the case of the nonflat XCDM parameterization constrained using the SN+BAO+H(z) data, the XCDM parametrizations fit the observations better than do the ΛCDM models. Furthermore, the φCDM models better fit the data than do the XCDM parametrizations, except for the flat φCDM case constrained using SN+H(z) data. 11 However, the ∆χ 2 values are not very statistically significant.
5. SUMMARY We have used Type Ia supernova apparent magnitude, baryon acoustic oscillation distance, and Hubble parameter measurements to constrain parameters of the flat and nonflat ΛCDM, XCDM, and φCDM models.
Our main results, in summary, are:
• These data favor closed spatial hypersurfaces at 1.1σ to 2.1σ, depending on the nonflat model.
• These data do not rule out dark energy dynamics.
• These data favor a smaller Hubble constant than the recent local expansion rate measurement of H 0 = 73.48 ± 1.66 km s −1 Mpc −1 ) at 1.3σ to 2.0σ, depending on model. These results are consistent with those that follow from similar analyses of CMB anisotropy data in untilted nonflat inflation models, and consequently joint analyses of CMB and non-CMB data reinforce the above findings (Park & Ratra 2018a,b,c) .
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